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Abstract

Two cDNA fragments encoding full-length trypsinogen-like proteins were cloned from larvae of two strains (RC688s and HD198r)
of the Indianmeal moth,Plodia interpunctella(Hübner), which differed in their sensitivity toBacillus thuringiensisprotoxins. One
cDNA fragment contained 874 nucleotides, including a 780-nucleotide open reading frame that encoded a trypsinogen-like protein
(PiT2b). Another cDNA fragment amplified from bothP. interpunctellastrains contained 864 nucleotides including a 780 bp open
reading frame encoding a second trypsinogen-like protein (PiT2c). The cDNA sequence ofPiT2b shared 89% sequence identity
with PiT2a, a trypsinogen-like protein cloned previously from this species. The cDNA sequences ofPiT2a andPiT2c shared 83%
identity. The cDNA sequence identity betweenPiT2b andPiT2c was 80%. The cDNA forPiT2b from strain RC688s was different
at six nucleotide positions from that ofPiT2b from strain HD198r. Five nucleotide replacements occurred in the open reading
frame leading to amino acid changes at all five positions. There were five nucleotide differences in the cDNAs forPiT2c trypsinogen-
like proteins from the two strains. Two nucleotide substitutions in the open reading frame resulted in replacements of two amino
acid residues in the deduced protein sequences. Amino acid sequences forPiT2a andPiT2b shared 84% identity, but only 50%
identity was observed betweenPiT2c and the other two trypsinogen-like proteins. The deduced amino acid sequences forPiT2b
and PiT2c included both signal and zymogen activation peptides and amino acid sequence motifs which are conserved in seven
homologous trypsinogen-like proteins from other insects. Typical features of the putative trypsinogen-like proteins fromP. inter-
punctella included the serine proteinase active site triad (His81, Asp133, and Ser233), three pairs of cysteine residues for disulfide
bridges, and three residues, Asp227, Gly250, and Gly260, that help to confer trypsin-like specificity to the enzymes. Quantitative RT-
PCR analyses showed that, in fourth instar larvae, RC688s had 1.6-fold higherPiT2a trypsinogen-like mRNA than did HD198r.
Expression ofPiT2b mRNA was 3.4-fold higher in HD198r than in RC688s. Expression ofPiT2c mRNA was 2.8-fold higher in
RC688s than in HD198r. Mean accumulation levels of mRNAs for all three trypsinogen-like proteins were slightly higher in RC688s
than in HD198r based on total RNA, and 1.3-fold higher in RC688s than in HD198r based on wet weight of larval body tissues.
Published by Elsevier Science Ltd.
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1. Introduction

Serine proteinases are common luminal enzymes in
midguts of many insect species including Lepidoptera
(Applebaum, 1985; Terra and Ferriera, 1994). These
endoproteinases function by hydrolysing ingested pro-
tein into peptides during the initial stages of protein
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catabolism. Because of their important biochemical roles
in insect growth and development, these enzymes have
been targets for proteinaceous inhibitors whose genes
have been incorporated into transformed plants (Hilder
and Boulter, 1999). Serine proteinases in the midgut also
activate protoxins elaborated by the entomopathogen,
Bacillus thuringiensis(Bt), thereby mediating Bt toxicity
(Milne and Kaplan, 1993; Martı´nez-Ramı´rez and Real,
1996; Oppert et al., 1996), and they also may play a
concurrent role in the hydrolytic degradation and sub-
sequent inactivation of the toxic protein. Forcada et al.
(1996) reported that midgut extracts from a Bt-resistant
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strain of Heliothis virescensdegraded the Bt toxin in
vitro at a rate faster than extracts from a susceptible
strain. Shao et al. (1998) proposed that the excessive
degradation of protoxin inH. armigera midgut juice,
which contained trypsin-, chymotrypsin-, and elastase-
like enzymes, was responsible for the low sensitivity of
this species to Bt, with chymotrypsin playing a major
role in the degrading process.

Plants transformed with genes for Bt toxins are tar-
geted to disrupt gut epithelial cell physiology but not to
inhibit proteinases. However, the potential for gut pro-
teinases to modulate the effectiveness of Bt protoxins in
insects is high and was the impetus for more detailed
studies on the properties and gene expression of these
enzymes in the Indianmeal moth,Plodia interpunctella
(Hübner), a pest of stored products that has developed
resistance to Bt (McGaughey, 1985). There is evidence
that, in a selected strain ofP. interpunctella(HD198r),
reduced sensitivity to Bt is associated with the absence
of a proteolytic activity that is present in the wild-type
strain (RC688s) (Oppert et al., 1997). The pattern of pro-
teolytic cleavage of Bt protoxins differs significantly
between these strains (Oppert et al. 1994, 1996). How-
ever, despite the differences in midgut proteinase activi-
ties, the initial cloning and characterization of the genes
for these enzymes at the molecular level documented
rather similar cDNA sequences and mRNA expression
levels for both chymotrypsinogen-like and trypsinogen-
like genes in the two strains (Zhu et al. 1997, 2000).
Nevertheless, in the latter study, Southern blot analysis
revealed differences in restriction enzyme cleavage sites
in the trypsinogen-like genes from the twoPlodia
strains, which in addition to other data, suggested the
possibility of the presence of multiple trypsinogen-like
genes in this species. The purpose of the current study
was to determine if additional trypsinogens are present
in these twoPlodia strains and to apply a quantitative
PCR method for monitoring the expression levels of
their corresponding mRNAs.

2. Materials and methods

2.1. Insect cultures

P. interpunctellastrain RC688s was collected from
farm-stored grain in Riley County, Kansas, and main-
tained on a diet described by McGaughey and Beeman
(1988). A Bt-resistant strain, HD198r, was selected from
RC688s using Bt subsp.entomocidus, strain HD-198
(McGaughey and Johnson, 1992). The resistance level
of strain HD198 to Bt subsp.entomocidusis 100-fold
higher than that of strain RC688 (McGaughey, 1985).

2.2. Cloning trypsinogen-like protein cDNAs

Messenger RNA was purified from both strains ofP.
interpunctellalarvae. cDNA was synthesized and direc-
tionally cloned into Uni-ZAP phage vector (Stratagene).
In the previous study, one trypsin-like cDNA was iso-
lated and sequenced from bothP. interpunctellastrains
(Zhu et al., 2000) by using traditional library screening
protocols. To obtain more highly-sequence-specific tryp-
sinogen-like cDNAs, polymerase chain reaction (PCR)
was conducted to amplify trypsinogen-like cDNAs using
the cDNA library as template and a T7 reverse vector
primer and a forward degenerate primer, 59-TGY-
CARGGNGAYWSNGGNGGNCCNYT-39, designed
from a highly conserved region (CQGDSGGPL) in both
Manduca sextatrypsin and chymotrypsin that is located
approximately 250 bp from the 39-end of these genes
(Peterson et al. 1994, 1995). PCR-amplified DNA frag-
ments (<250 bp) were cloned into a pGEM-T vector
(Promega, Madison, WI). Sequences of these clones
were determined by using an automated sequencer. The
cDNA sequence of the trypsinogen-like protein was con-
firmed by homology searching of GenBank provided by
the National Center for Biotechnology Information by
using the BLASTX protocol (Altschul et al., 1990; Gish
and States, 1993).

After the 39-end sequence of the trypsinogen-like
cDNA was determined, specific reverse primers for each
trypsin-like cDNA were designed. The 59 ends of differ-
ent trypsin-like cDNAs were amplified using a T3 vector
forward primer and a reverse primer designed from the
sequence of each trypsin cDNA fragment. The PCR
fragments were cloned into the pGEM-T vector and the
sequences determined.

To specifically amplify the full sequence of each tryp-
sinogen-like cDNA, a forward primer and a reverse
primer were designed based on sequence information of
each trypsinogen-like cDNA. PCR amplification was
performed using a thermostable proofreading Pfu DNA
polymerase (Promega) to re-amplify a full length tryp-
sinogen-like cDNA fragment from the cDNA library
template. This fragment was A-tailed and cloned into the
pGEM-T vector. The sequence of the insert was determ-
ined from both directions.

The Wisconsin Sequence Analysis Package (GCG
Unix version 9.0, Genetics Computer Group, Madison,
WI) including Pileup, Gap, Distances, and Growtree pro-
grams was used to analyse the similarity of trypsinogen-
like protein sequences (gap weight=2, gap length
weight=1). Sequence analysis tools of the ExPASy Mol-
ecular Biology Server of Swiss Institute of Bioinformat-
ics were used to process data of deduced protein
sequences.
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2.3. Quantitative reverse transcription (QRT) PCR
analysis of trypsinogen-like mRNA expression

Procedures for the quantitative determination of the
expression levels of three trypsinogen-like mRNAs were
modified from those used by Alexandre et al. (1998),
Guenthner and Hart (1998), and Igaz et al. (1998). To
develop a homogeneous internal standard for QRT-PCR
analysis of trypsinogenPiT2a mRNA expression, the
restriction enzymeBam HI was used to cut out a frag-
ment of PiT2a cDNA (nucleotide 268–291, Zhu et al.,
2000). The fragments were religated using T4 DNA
ligase. Because of two identical sticky ends cut byBam
HI, re-ligation resulted in a cDNA fragment with a
deletion or insertion of different numbers of 24-bp frag-
ments. A cDNA fragment with two 24-bp insertions was
identified by PCR and agarose gel electrophoresis, and
then subsequently used as the internal standard for QRT-
PCR analysis ofPiT2a mRNA expression. Similarly,
restriction enzymeHinf I (Fig. 1) was used to produce
an internal standard with a 138-bp insertion (containing
two 69-bp fragments) for QRT-PCR analysis of tryp-
sinogenPiT2b mRNA expression. Restriction enzyme
Aat II (Fig. 2) was used to produce an internal standard
with a 125-bp deletion for QRT-PCR analysis of tryp-
sinogenPiT2c mRNA expression.

Total RNA from a group of 20 fourth instar larvae
(|70 mg) fed on the standard laboratory diet was
extracted by using guanidine thiocyanate denaturing sol-
ution and precipitated with isopropanol (Titus, 1991).
Total RNA extractions were repeated three times for
both Bt-susceptible and Bt-resistant strains ofP. inter-
punctella. Reverse transcription was conducted with an
oligo-dT primer and SuperScript II reverse transcriptase
(Gibco BRL Life-Technologies, Gaithersburg, MD). Fif-
teen micrograms of RNA for each repeat were used to
generate the first strand of cDNA.

QRT-PCR was conducted three times with different
RNA samples for each trypsinogen-like mRNA species
and insect strain. Specific primers were designed based
on unique sequences for each trypsinogen-like cDNA.
Primers T2F and T2R (sequences are underlined in Fig.
1) were used to amplifyPiT2b fragment, and primers
T3F and T3R (Fig. 2) were used to amplifyPiT2c frag-
ment. The concentration range of the internal standard
was determined by preliminary experiments. The stan-
dard was diluted in distilled H2O as follows: 10,000;
5,000; 1,000; 500; 100; 50; 10; 5; and 1 pg/µl. The PCR
reaction mixture contained 1.5µl of standard, 1.5µl of
target cDNA, 2µl of PCR buffer (100 mM Tris–chloride
pH 9.0 containing 500 mM KCl and 15 mM MgCl2),
0.8 µl of 2.5 mM of each dNTP in H2O, 0.5µl of each
primer (10 pmole/µl H2O), 1.5 unit of Taq DNA poly-
merase, and H2O to obtain a final volume of 20µl. The
DNA was initially denatured for 3 min at 94°C, and the
PCR amplification included 40 cycles of 30 s denaturing

Fig. 1. Nucleotide and deduced amino acid sequences of trypsinogen-
like cDNA PiT2b prepared fromP. interpunctella RNA (strain
RC688s). ATG=start codon; TAA=termination codon; AATAAA=po-
lyadenylation signal;↑=predicted signal peptide cleavage site;G=pred-
icted activation peptide cleavage site. IIGG are potential N-terminal
residues. Different nucleotides (on the top) and predicted amino acid
residues (at the bottom) of HD198r strain are boxed at each corre-
sponding position. Sequences of 2Hinf I sites were underlined. T2F
primer sequence is marked with underlined bold letters, and T2R
primer sequence is marked with underlined italic letters. The sequence
has been deposited in GenBank with accession numbers AF173495 for
RC688s strains and AF173496 for HD198r strain.

at 94°C, 30 s annealing at 57°C, and 1 min extension at
72°C in a PTC-100 thermocycler (MJ Research, Inc.,
Watertown, MA). PCR products were separated on 1%
agarose gels, stained with 0.5µg/ml ethidium bromide,
and photographed under UV light. Photographic data
was analysed by using the video densitometry program
ITTI version 2.2 (Interactive Technologies
International). The relationship between standard con-
centration and PCR band intensity was determined by
using Sigma Plot with a log transform of the concen-
tration.
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Fig. 2. Nucleotide and deduced amino acid sequences of trypsinogen-
like cDNA PiT2c prepared fromP. interpunctella RNA (strain
RC688s). ATG=start codon; TAA=termination codon; AATATA=pot-
ential polyadenylation signal;↑=predicted signal peptide cleavage site;
G=predicted activation peptide cleavage site. IVGG are conserved N-
terminal residues. Different nucleotides (on the top) and predicted
amino acid residues (at the bottom) of HD198r strain are boxed at
each corresponding position. Sequences of twoAat II sites are under-
lined. T3F primer sequence is marked with underlined bold letters,
and T3R primer sequence is marked with underlined italic letters. The
sequences have been deposited in GenBank with accession number
AF173497 for RC688s strain and AF173498 for HD198r strain.

3. Results

3.1. Trypsinogen-like protein cDNAs

39-RACE was used to obtain cDNA fragments enco-
ding putative trypsinogens fromP. interpunctella. Six-
teen of 31 clones that were sequenced carried inserts
with deduced amino acid sequences similar to other tryp-
sinogen-like proteins in the GenBank, whereas only two
clones carried inserts with a deduced amino acid
sequence similar to chymotrypsinogen-like proteins.
Multiple alignment of these trypsinogen-like cDNA ends
demonstrated that these sequences represented three dif-
ferent cDNAs including the one reported previously,
hereafter termedPiT2a (Zhu et al., 2000). The 59-end of
each trypsinogen-like cDNA was amplified and
sequenced using specific primers designed for each kind
of trypsinogen based on the previously obtained 39-

cDNA end sequences. Full-length cDNA fragments were
successfully amplified from the cDNA libraries of both
strains by using Pfu DNA polymerase and specific pri-
mers corresponding to 59- and 39-ends of each trypsino-
gen-like cDNA.

In addition to the cDNA coding forPiT2a, two
additional full-length sequence cDNA fragments were
cloned from bothP. interpunctellastrains. One cDNA
fragment contained 874 nucleotides that encoded a tryp-
sinogen-like protein (designated asPiT2b). The cDNA
sequences from both strains included the start codon
ATG at positions 9–11, the termination codon TAA at
positions 789–791, and the polyadenylation signal,
AATAAA, at positions 821–826 (Fig. 1). The open read-
ing frame consisted of 780 nucleotides. Another cDNA
fragment amplified from both strains encoded a third
trypsinogen-like protein (designated asPiT2c). The
sequences included a start codon, a termination codon,
a potential polyadenylation signal sequence AATATA,
and a 780-bp open reading frame (Fig. 2).

The cDNA sequences forPiT2a andPiT2b,PiT2a and
PiT2c, andPiT2b andPiT2c shared 89%, 83%, and 80%
identities, respectively.

3.2. Deduced protein sequences

The predicted amino acid sequence from thePiT2b
cDNA contained 260 residues. The deduced mature tryp-
sin-like protein had 232 amino acid residues including
nine negatively-charged residues (aspartic acid and glu-
tamic acid) and 13 positively charged residues (arginine
and lysine). The molecular mass and theoretical pI value
were 25 kDa and pH 8.78, respectively. The deduced
trypsinogen-like protein from thePiT2c cDNA con-
tained 260 amino acid residues. The mature form of
PiT2c contained 238 amino acid residues with 18 nega-
tively-charged residues and 11 positively-charged resi-
dues. The molecular mass and theoretical pI value were
26 kDa and pH 5.05, respectively.

The deduced amino acid sequence ofPiT2b was most
similar toPiT2a with 84% identity (Fig. 3). Less similar

Fig. 3. Phylogenetic relationship based on the amino acid sequences
of PiT2a, PiT2b, andPiT2c from P. interpunctella(RC688s) and 6
other homologous trypsinogen sequences (see GenBank citations in
Fig. 4) established using GCG Distances and Growtree programs.
Sequence identity withPiT2b is displayed in the first column after
species name, and sequence identity withPiT2c is displayed in the
second column after species name.
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were the sequences of the trypsin-like precursors T and
Tc fromManduca sexta(both 67%). The sequence ident-
ity betweenPiT2b andPiT2c was 50%. Gap analysis
indicated that thePiT2c sequence was most similar to
those of two M. sexta trypsinogens with 55%
sequence identity.

Multiple sequence alignment of the three trypsinogen-
like proteins ofP. interpunctellawith six homologous
insect trypsin-like proteases indicated that 71 amino acid
residues were conserved among all nine of the insect
trypsin-like proteins (Fig. 4). These sequences contained
all of the conserved residues representing typical fea-
tures for trypsin-like proteinases, including signal and
zymogen activation peptides, a highly conserved N-ter-
minal sequence, three conserved putative active site resi-
dues, His81, Asp133, and Ser233, which form the catalytic
triad in serine proteases (Kraut, 1977; Wang et al., 1993;
Peterson et al., 1994), and six cysteine residues predicted
to occur in disulfide bridge configurations among tryp-
sins and chymotrypsins. The residues Asp227, Gly250, and
Gly260, which help to define the substrate binding pocket
are highly conserved in these trypsin-like enzymes as
well. Asp227 determines specificity in both invertebrate
and vertebrate trypsins by interacting through ionic
forces with a Lys or Arg residue at the substrate cleavage
site (Hedstrom et al., 1992; Wang et al., 1993).

3.3. Differences in cDNAs and deduced protein
sequences

The cDNA for PiT2b of strain RC688s was different
at six nucleotide positions from that of strain HD198r.
Five nucleotide replacements were present on the open
reading frame (Fig. 1), leading to amino acid changes
at all five of these positions. Nucleotide substitutions,
C245→A245, T423→C423, A488→G488, T503→C503,
C749→T749, in strain RC688s resulted in amino acid
changes, A82→D82, L148→P148, E163→G163, F168→S168,
S250→F250, in strain HD198r. Despite the differences in
amino acid content, the mature trypsin-like enzyme of
HD198r strain was still predicted to have a molecular
mass of 25 kDa, a pI value of pH 8.78, and the same
numbers of negatively charged residues (9) and posi-
tively charged residues (13) as was predicted from
RC688s cDNA.

There were five nucleotide differences on cDNAs
from RC688s and HD198r strains forPiT2c trypsinogen-
like proteins, including two nucleotide substitutions in
the open reading frame, which resulted in replacements
of two amino acid residues in the deduced amino acid
sequences (Fig. 2). None of the different amino acid resi-
dues resulted in any differences in molecular mass, pI
value, or numbers of negatively- or positively-charged
residues between the two strains.

Among three trypsinogen-like proteins fromPlodia,
PiT2a andPiT2b were very similar, with 89% cDNA

sequence identity and 84% amino acid sequence identity.
PiT2c is less similar and more closely related to two
Manduca trypsin-like enzyme precursors than to the
other two trypsinogen-like proteins fromPlodia (Figs 3
and 4).

3.4. Trypsinogen mRNA expression

Different levels of trypsinogen-like mRNA expression
in the two P. interpunctellastrains were first observed
after PCR amplification of equal titers of RC688s and
HD198r cDNA libraries by using specific primers for
each trypsinogen-like cDNA. Band intensities forPiT2a
andPiT2c amplified from RC688s were similar to those
from strain HD198r (indicated by arrows in Fig. 5a).
DNA fragment intensity forPiT2b amplified from the
RC688s library was 3.1-fold lower than that forPiT2b
from HD198r. The results were reproducible when dif-
ferent primers were used in the PCR amplifications (data
not shown).

By using quantitative RT-PCR, expression levels of
each trypsinogen-like mRNA in fourth instar larvae ofP.
interpunctellawere determined. Densitometric analysis
showed that the total area of each band reached equilib-
rium with the internal standard at concentrations of 7.5
pg mRNA perµl of PCR product for RC688s and 4.4
pg mRNA perµl of PCR product for HD198r. Strain
RC688s had 1.2-fold higherPiT2a trypsinogen-like
mRNA than strain HD198r based on mRNA content per
µg of total RNA and 1.6-fold higherPiT2a mRNA than
HD198r based on mRNA content per gram of larval
tissue (PiT2a, Fig. 5b). Quantitative analyses of mRNA
for PiT2b proteins in the two strains indicated that strain
HD198r had 4.7-fold higherPiT2b mRNA per µg of
total RNA and 3.4-fold higherPiT2b mRNA per gram
tissue (PiT2b, Fig. 5b) than strain RC688s. Results of
QRT-PCR analyses onPiT2c mRNA indicated that
PiT2c mRNA expression levels in strain RC688s were
2-fold higher based on total RNA and 2.8-fold higher
based on tissue weight (PiT2c, Fig. 5b) than strain
HD198r.

Although the three trypsinogen-like mRNAs were
expressed differently in the twoP. interpunctellastrains,
overall accumulative levels of mRNAs for the three tryp-
sinogen-like proteins in larvae fed the laboratory diet
were only slightly higher (1.1-fold) in RC688s than in
HD198r based on mRNA levels perµg of total RNA,
and 1.3-fold higher based larval tissue weight
(PiT2a+b+c; Fig. 5b).

4. Discussion

The proteinase from insects studied most frequently
has been trypsin-like in specificity (Reeck et al., 1999).
We have studied trypsinogen-like proteins inP. inter-
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Fig. 4. Predicted amino acid sequences of three trypsinogen-like pro-
teins from P. interpunctella(strain RC688s) and alignment with 6
other insect trypsin-like sequences.MsT=trypsinogen-like sequence
(GenBank: AAA39241) of M. sexta; MsTC=trypsin C precursor
(GenBank: P35047) fromM. sexta. BmP2=serine proteinase P-II
(GenBank: S32398) from the silkworm,Bombyx mori. CfT=trypsin
(GenBank: AAA84423) from the spruce budworm,C. fumiferana.
CfT1=trypsin CFT-1 precursor (GenBank: P35042) from the spruce
budworm, C. fumiferana. HaT=trypsin-like proteinase (GenBank:
CAA72950) from the cotton bollwormH. armigera. Functionally
important residues His81, Asp133, and Ser233 are boxed and indicated by
bold letters. Cysteines corresponding to the sites of predicted disulfide
bridges are marked with bold letters and solid triangle (H) on the top.
Conserved residues for the trypsin binding pocket, Asp227, Gly250, and
Gly260, are indicated by () at the top of the sequences. Identical resi-
dues among all nine sequences are indicated with stars (★) at the bot-
tom of the sequences. The arrow (↓) indicates the N-terminal residues
of the active enzymes. Hyphens represent sequence alignment gaps.

Fig. 5. Quantitative analyses of mRNA expression levels in twoPlo-
dia strains. (a) PCR amplifications of RC688s (S) and HD198r (R)
cDNA libraries by using primers specific for each of three trypsinogen-
like cDNAs (PiT2a, b, c) and resultant bands indicated by arrows. (b)
mRNA expression levels of all three trypsinogen-like proteins (PiT2a,
b, c) in RC688s and HD198r strains.PiT2a+b+c=total amount of
mRNA for all three of the trypsinogens.

punctella midguts because this type of proteinase is
important in solubilizing and activating the protoxins
produced byB. thuringiensis, and this species exhibits
a trypsin-like proteinase-based mechanism of resistance
to Bt (Oppert et al., 1997).

We observed both structural differences in the cDNAs
and differences in expression of the individual trypsino-
gen mRNAs between strains RC688s and HD198r ofP.
interpunctella. The N-terminal sequence of bothPiT2a
and PiT2c is IVGG, a highly conserved sequence in

many trypsin-like proteinases (Wang et al., 1993;
Valaitis et al., 1999).PiT2b cDNA had an N-terminus
of IIVV which is similar to the N-terminus of a trypsin-
like proteinase from the silkworm,Bombyx mori(Sasaki
et al., 1993).PiT2a and b are very similar in amino acid
sequence, whereasPiT2c is less similar. mRNA levels
of PiT2a and c were higher in RC688s than in HD198r,
whereasPiT2b mRNA was lower. Total trypsinogen
mRNA was only 1.1-fold higher in RC688s compared
with that of HD198r, which differed from the 2.2-fold
higher trypsin-like activity in RC688s compared with
that of HD198r (Oppert et al., 1997). However, these
latter activity measurements for RC688s also would
include the contribution toward hydrolysis of BApNA
by the 45 kDa BApNAase in this strain, the mRNA of
which was not measured and not included in the total
measured mRNA of the cloned trypsinogens in this
study. Although our results provide evidence for the pro-
duction of relatively equal transcriptional levels of 25
kDa trypsin-like proteins in the two strains, the signifi-
cance of the sequence differences and mRNA level
relationships of the individual trypsinogens for the two
strains ofPlodia will require expression and purification
of each trypsinogen and detailed studies on their bio-
chemical properties, specificities, and possible dietary
effects.

Trypsin-like genes have multiple copies in many
insects. Peterson et al. (1994) reported three cDNAs
encoding alkaline midgut trypsins inM. sexta. Seven
trypsinogen cDNAs were identified inAnopheles gam-
biae (Müller et al., 1993). Wang et al. (1995) suggested
that ancestors of dipterans and lepidopterans may have
had only one trypsinogen gene, but that some species
may have gained extra copies by subsequent gene dupli-
cations. InDrosophila, a relatively complex pattern of
molecular evolution for five clustered trypsin genes was
proposed, which involved chromosome looping and gene
conversion (Wang et al., 1999). Two of these genes
apparently evolved in concert, one independently, and
the other two genes exhibited an intermediate pattern of
evolution. The function of these gene families is unclear.
Multigene trypsin families may have evolved to provide
a more efficient mechanism for protein digestion as well
as to provide an adaptive advantage for phytophagous
species feeding on plants that contain proteinase inhibi-
tors (Bown et al., 1997; Reeck et al., 1999). Multigene
families may allow the induction of proteinases that are
insensitive to dietary inhibitors, as noted by Jongsma et
al. (1995), Broadway (1995), and Bolter and Jongsma
(1995), or they may initiate proteolysis of proteinase
inhibitors by non-target digestive proteinases (Michaud
et al., 1995).

In addition to multiple trypsin-like coding regions in
P. interpunctella, there were also strain differences in
the sequences of the enzymes. InPiT2b andPiT2c, there
were five and two amino acid replacements, respectively,
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in the resistant strain. We compared the deduced
sequences ofPiT2b andPiT2c with that of human beta-
tryptase, a serine proteinase produced in mast cells and
thought to cause several allergic disorders (Pereira et al.,
1998), by sequence alignment and by examination of
three-dimensional structure. InPiT2b, an aliphatic resi-
due Ala82 (Fig. 1), corresponding to Ala54 of human tryp-
tase located at a position opposite the binding pocket
and close to an active site residue histidine, is replaced
by an acidic residue Asp82 in the resistant strain. In both
PiT2b (Fig. 1) andPiT2c (Fig. 2), a leucine in the sus-
ceptible strain protein is substituted by proline, corre-
sponding to proline in the human tryptase which is dis-
tant from any functional groups. InPiT2b, a glutamic
acid at position 163 (Fig. 1) in the susceptible strain is
replaced by an aliphatic residue glycine in the resistant
strain, corresponding to an aspartic acid134 residue in the
human tryptase, which is located close to the specificity-
determining residue aspartic acid188. The remaining two
amino acid changes, F168→S168 and S250→F250, occurred
at some distance from the functional residues (Fig. 1).
In PiT2c, a conserved valine171 in the susceptible strain
is replaced by a methionine, corresponding to residue
valine148 of human tryptase which is located near the
binding pocket (Fig. 2).

The effects of these changes in amino acids on the
biochemical function of these trypsin-like enzymes in
the Plodia strains, including possible altered interaction
with Bt protoxins, need to be determined. Numerous
attempts to express these trypsins by using a recombi-
nant fusion protein expression system inEscherichia coli
were unsuccessful because the host cells failed to grow
and produce active proteins (Zhu et al., unpublished
data).

In Lepidoptera, insects may regulate the midgut pro-
teinase profiles to adapt to differences in protein quality
of ingested food or to the presence of proteinase inhibi-
tors in the diet (Broadway and Duffey 1986, 1988).
Compared to insects on an inhibitor-free diet, chymo-
trypsin mRNA inHelicoverpa armigeraincreased in lar-
vae fed diet containing inhibitors, whereas trypsin
mRNA levels in these larvae decreased (Gatehouse et
al., 1997). Changing the protein level of the diet did not
affect trypsin mRNA levels, but chymotrypsin mRNA
levels decreased with increasing dietary protein. These
non-intuitive results complicated attempts to develop a
model of proteinase regulation in this species. InP.
interpunctella, physiological differences related to fit-
ness costs associated with Bt resistance (Oppert et al.,
unpublished data) also complicate the characterization
of the resistance mechanism(s) at the level of enzyme
expression. Nevertheless, we have observed significant
differences between the two strains in the regulation of
three different trypsinogen-like proteins when these lar-
vae are fed identical diets. Besides structural differences
in PiT2b andPiT2c, relative to the susceptible strain,

the resistant strain has lower levels of mRNA forPiT2a
and PiT2c and higher levels ofPiT2b mRNA. The
adaptive significance of both the altered protein struc-
tures and regulatory processes for trypsinogen-like pro-
teins inPlodia, as well as the functional role during the
ingestion of Bt toxin or other types of inhibitors, will be
determined in the future.
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